Atomic layer deposition (ALD) of LiF and lithium ion conducting (AlF3)(LiF)x alloys was developed using trimethylaluminum, lithium hexamethyldisilazide (LiHMDS) and hydrogen fluoride derived from HF-pyridine solution. ALD of LiF was studied using in situ quartz crystal microbalance (QCM) and in situ quadrupole mass spectrometer (QMS) at reaction temperatures between 125°C and 250°C. A mass gain per cycle of 12 ng/(cm 2 cycle) was obtained from QCM measurements at 150°C and decreased at higher temperatures. QMS detected FSi(CH3) as a reaction byproduct instead of HMDS at 150°C. LiF ALD showed self-limiting behavior. Ex situ measurements using X-ray reflectivity (XRR) and spectroscopic ellipsometry (SE) showed a growth rate of 0.5-0.6 Å /cycle, in good agreement with the in situ QCM measurements.
I. Introduction
LiF is an important material for lithium ion batteries due to its role in solid electrolyte interface (SEI) layer.
1,2 At 13.6 eV, 3 LiF has one of the largest bandgaps of any known material, which leads to its transparency in deep ultraviolet, making it appealing for optical coatings. 4 LiF has also been widely employed in the electron injection layer of organic light-emitting diodes (OLED) 5, 6 to reduce the work function of Al cathode. 7 LiF films have been grown by physical vapor deposition methods such as thermal evaporation [8] [9] [10] [11] [12] [13] , sputtering 14, 15 , electron beam deposition 16, 17 , pulsed laser deposition.
18,19
Atomic layer deposition (ALD) of LiF was demonstrated using TiF4 as F precursor recently.
20
LiF and metal fluorides can form alloys having high ionic conductivity. ALD is a film growth technique based on sequential, self-limiting surface reactions, which enables subnananometer control of conformal thin films. 24 ALD of metal oxides, nitrides, and sulfides has been developed using H2O, NH3, and H2S respectively. 25 ALD of metal fluorides has proven difficult because HF is not a benign reactant. 26 Most ALD of metal fluorides has been performed using alternative F precursors rather than HF. [26] [27] [28] [29] HF-pyridine that consists of 70% HF and 30% pyridine has been employed as a F precursor for AlF3 ALD. 30 HF-pyridine is a liquid at room temperature, which enables the safe handling of HF not using a pressurized cylinder of HF. 31 HF-pyridine serves as a reservoir for anhydrous HF forming equilibrium mixture between stable (HF)9-x-pyridine complex and small amount of gaseous xHF.
The growth of LiF ALD film and reaction mechanism using LiHMDS and HF are examined by in situ techniques, such as quartz crystal microbalance (QCM) and quadrupole mass spectrometer (QMS) at reaction temperatures between 125°C and 250°C. The growth of (AlF3)(LiF)x alloy film and reaction mechanism are also examined by the combination of AlF3 and LIF ALD. The film properties such as refractive index and film density are studied by ex situ techniques such as X-ray reflectivity (XRR) and spectroscopic ellipsometry (SE)
Crystalline LiF and (AlF3)(LiF)x alloy films grown at 150°C were confirmed by grazing incidence X-ray diffraction (GIXRD). This dense film with a low refractive index is important for optical coatings. X-ray photoelectron spectroscopy (XPS) confirmed that the film consisted of Li and F or Al, Li, and F. Inductively coupled plasma mass spectrometry (ICP-MS) and ionic chromatography revealed atomic ratio of the LiF film of Li:F=1:1.1 and (AlF3)(LiF)x alloy film of Al:Li:F=1:2.7: 5.4 for (AlF3)(LiF)x alloy film. Lithium ion conductivity for (AlF3)(LiF)x alloy film was measured as σ = 7.5 × 10 -6 S/cm.
II. Experimental section

A. Viscous Flow Reactor Equipped with in situ QCM and QMS Measurements
The ALD reactions were performed in the viscous flow reactor equipped with an in situ quartz crystal microbalance (QCM) and a quadrupole mass spectrometer (QMS) at temperatures between 125°C and 250°C 32, 33 Quadrupole mass spectrometry (QMS) was performed on the vapor phase species in the ALD reactor. Measurements were performed with a residual gas analyzer (RGA 200, Stanford
Research Systems). The gases produced during ALD reaction were sampled via an aperture.
The aperture separated two distinct pressure regions, the ALD reactor (~1 Torr) and the QMS region (~1 ×10-7 Torr). In order to maintain these pressures with an open conductance between the two regions, the QMS region was differentially pumped with a turbo molecular pump (V70LP, Varian). The aperture radius was 25 µm. A dual thoriated-iridium (ThO2/Ir) filament was used for electron emission in the mass spectrometer. The ionization energy was 70 eV. A Faraday cup was used as the detector.
The LiF ALD reactions were studied with LiHMDS (95%, Gelest) and HF-pyridine (70 wt% HF, Sigma-Aldrich). HF-pyridine was transferred to a stainless steel bubbler in a dry nitrogen-filled glove bag. Although HF-pyridine minimizes the risks from employing HF, the inhalation of fumes and the contact with skin should be avoided
The LiHMDS was transferred to stainless steel bubblers in a dry nitrogen-filled glove bag and maintained at 115°C. A mechanical pump (Pascal 2015SD, Alcatel) pumped the reactants with a nitrogen carrier gas. The mass flow controllers (Type 1179A, MKS) supplied a constant nitrogen carrier gas flow of 150 sccm. Deposition of back-side of the crystal was prevented from additional purge gas flow of 20 sccm supplied using a metering bellows-sealed valve (SS-4BMG, Swagelok) into the QCM housing. The total nitrogen gas flow of 170 sccm produced a base pressure of ~1 Torr in the reactor.
B. X-ray reflectivity (XRR), grazing incidence X-ray diffraction (GIXRD), and spectroscopic ellipsometry (SE)
Boron doped Si (100) wafers (p-type, Silicon Valley Microelectronics) was used for the substrates for ALD deposition. The Si wafer was cleaved into ~2.5 cm by ~2.5 cm substrates.
The substrates were cleaned with acetone, isopropanol, and deionized water and dried with nitrogen gas.
The film thicknesses and the density were analyzed by ex situ X-ray reflectivity (XRR).
A high resolution X-ray diffractometer (Bede D1, Jordan Valley Semiconductors) using Cu Kα The crystallinity was examined by grazing incidence X-ray diffraction (GIXRD) with the samples rotated at ω=0.5˚, a step size of 0.01˚, and a count time of 3s.
The film thicknesses and refractive index were also determined using reflective spectroscopic ellipsometry (SE). These measurements were performed using a spectroscopic The film composition was determined by X-ray photoelectron spectroscopy (XPS). Xray photoelectron spectrometer (PHI 5600, RBD Instruments) used monochromatic Al Kα Xrays of 1486.6 eV. Survey scans of the sample surfaces were measured with a pass energy of 93.9 eV and a step size of 0.400 eV. A depth profile was measured using Ar ion sputtering. A pass energy of 58.7 eV and a step size was 0.250 eV was used for the depth profiling analysis.
An electron beam neutralizer was employed at 17.8 mA. Data was obtained with the control program (Auger Scan, RBD Instruments) and analyzed by the software (CASA XPS, Casa Software).
For determination of stoichiometry of LiF and (AlF3)(LiF)x alloy films, ICP-MS and IC were employed. LiF and AlF3 have solubility of 0.134g and 0.50g in 100g of water respectively. 34 LiF and (AlF3)(LiF)x alloy films on a silicon wafer were dissolved in DI water.
Dissolution of 800 cycles of LiF ALD (~60µg) in 30 g of DI water yielded ~2ppm concentration.
SE confirmed LiF film and (AlF3)(LiF)x alloy films were dissolved completely. Lithium and aluminum were analyzed by ICP-MS (SCIEX Elan DRC-e, Perkin Elmer). Fluorine cannot be analyzed by ICP-MS because it has a higher ionization energy than the argon used as medium.
Analysis of F was performed with liquid ion chromatography system (Dionex Series 4500i, Thermo).
D. Electrochemical impedance spectroscopy (EIS) measurements
Electrochemical impedance spectroscopy (EIS) was performed using the potentiostat (VMP3, Biologic). The AC impedance measurements were recorded using a signal with an amplitude of 5 mV and a frequency from 1 MHz to 10 mHz. EIS was conducted in symmetric coin-type form factor cells (Pred Materials) with an electrode area of 1.27 cm 2 in the following configuration: (AlF3)(LiF)x alloy ALD film on Cu foil current collector / liquid electrolyte (EC/DEC 1M LiPF6, Soulbrain) with the separator / (AlF3)(LiF)x alloy ALD film on Cu foil current collector. Two thicknesses of (AlF3)(LiF)x alloy ALD film were tested for a more accurate analysis of ionic conduction through the films. Figure 1 shows the plot of mass gain during 100 cycles of LiF ALD at 150°C using . This ratio can be used to determine the surface chemistry from the calculation using molar mass of each species. 33 This ratio of 5.6 will be discussed later. FSi(CH3)3 between HMDS, (CH3)3SiNHSi(CH3)3, and F -in the gas phase was previously studied in the tube reactor with He flow by mass spectrometry. 35 Possible reaction pathways for these species include:
III. Results and Discussion
A. Growth of LiF film
The QMS did not observe peaks from (CH3)3SiNH2, m/z = 89, 88, and 87. Absence of 
The ratio ∆MLi/MGPC can be calculated from:
where MLiHMDS, MHMDS, and MLiF are the molar masses of LiHMDS, HMDS, and LiF, respectively.
In the absence of HF on the surface (x = 0), the reaction should progress with only LiHMDS adsorption on LiF surface. The ∆MLi/MGPC ratio for x = 0 is 6.5 from equation 4.
The LiHMDS mass gain ratio of 5.6 from QCM experiment is close to the ratio of 6.5 based on 
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The growth of LiF ALD film on the silicon wafer is relatively linear having the growth rate of 0.5-0.6 Å /cycle measured by X-ray reflectivity (XRR) and by spectroscopic ellipsometry (SE). The density of the films grown >400 cycles of LiF ALD measured by XRR is 2.6 g /cm 3 .
The bulk density of LiF is 2.64 g /cm. 3, 34 The close agreement with the bulk LiF density suggests LiF ALD is crystalline. GIXRD confirmed the LiF film grown using 800 cycles of LiF Figure 6 shows the temperature dependence of the MGPC and the growth rate. The MGPC obtained from QCM experiment at the different temperatures is shown in Figure 6a . This MGPC can be converted to the growth rate using the film density measured by XRR shown in Figure 6b . The growth rates calculated from the thickness of 400 cycles ALD measured by XRR and SE are shown in Figure 6b together. The calculation of growth rate using the thickness yields a different growth rate calculated from MGPC and density because the film growth suffers from nucleation delay. All the growth rates are in good agreement, with a maximum growth rate of 0.5-0.6 Å / cycle at 150 °C . The growth rate decreases at higher temperature, probably due to a decrease in LiHMDS adsorption. A slight decrease in the growth rate is also observed at the lower temperature of 125°C. The ratio and molar masses yields x=2.8. It is interesting that this stoichiometry, x=2.8 is very similar to the stoichiometry of only thermodynamically stable phase is Li3AlF6. ICP-MS determined x = 2.7 in this film, which is pretty consistent with QCM result. Figure 12 shows the plot of film thickness at the different number of sequences measured by XRR and SE. The plot of film thickness of (AlF3)(LiF)x alloy ALD grown on silicon wafer at 50 100, 200, 400, 600, and 800 cycles. Growth of (AlF3)(LiF)x alloy ALD film on the silicon wafer is linear having the growth rate of 0.9 Å /sequence measured by XRR and SE. The density of the films grown >200 sequences of (AlF3)(LiF)x alloy ALD measured by XRR is 2.6 g /cm 3 .
B. Growth of (AlF3)(LiF)x alloy film
C. Ex situ analysis of LiF and (AlF3)(LiF)x alloy film
Refractive index of the films is 1.36 measured by SE. The film density of the films closes to LiF ALD (2.6 g /cm 3 .) rather than AlF3 (2.9 g /cm 3 ) consistent with more LiF contents in alloys film.
The thickness, the film density, and film roughness of alloy film do not show noticeable changes after storage in atmosphere after one month. These results indicate alloy grown by ALD is not hygroscopic in the atmosphere. Refractive indices were measured at the wavelength of 589 nm obtained by SE based on the Sellmeier model. This refractive index of 1.36 is achieved >200 sequences of ALD. Figure 13a shows GIXRD of the films grown using 800 sequences of (AlF3)(LiF)x alloy film at 150°C showing a crystalline peaks corresponding to Li3AlF6 phase. Alloy films grown using thermal evaporation and ALD was amorphous. GIXRD of LiF film is shown in Figure 13b as a comparison. Figure 13b shows GIXRD of the films grown using 800 cycles of LiF at 150°C
showing a crystalline structure. 
IV. Conclusions
The ALD reactions of LiF using LiHMDS and HF were studied to understand the ALD film at the reaction temperatures between 125°C and 250°C. The growth rate was 0.5 -0.6
A/cycle at 150°C. The reaction mechanism was LiHMDS adsorption. The ALD reactions of (AlF3)(LiF)x alloy film using TMA, LiHMDS and HF were also studied to understand the ALD film at the reaction temperatures between 150°C. The growth rate was 0.9 A/sequence at 150°C.
The reaction mechanism was TMA and LiHMDS adsorptions. XPS showed impurities such as carbon, oxygen, nitrogen, and silicon LiF and (AlF3)(LiF)x alloy films were both below the detection limit of XPS. Grazing incidence X-ray diffraction (GIXRD) observed that LiF and (AlF3)(LiF)x alloy film have crystalline structures. Inductively coupled plasma mass spectrometry (ICP-MS) and ionic chromatography revealed atomic ratio of Li:F=1:1.1 and Al:Li:F=1:2.7: 5.4 for (AlF3)(LiF)x alloy film. EIS measurement revealed that lithium ion conductivity (AlF3)(LiF)x alloy film was measured as σ = 7.5 × 10 -6 S/cm. 
V. Acknowledgements
